other is interpreted as two people punching each other, on James Bond's chest can make us literally shiver-as one might speculate that even inanimate touch might if the spider crawled on our own chest. What neural be processed through our own experience of touch. mechanisms are responsible for this "tactile empaThis latter hypothesis would predict that the sight of thy"? The observation of the actions of others actiinanimate touch would activate parts of the observer's vates the premotor cortex normally involved in the somatosensory cortices. execution of the same actions. If a similar mechanism Evidence for the fact that the observation of other applies to the sight of touch, movies depicting touch individuals can activate some of the neural circuitries should automatically activate the somatosensory cornormally involved when we do or feel similar things tex of the observer. Here we found using fMRI that the comes from two lines of investigation. First, in humans secondary but not the primary somatosensory cortex and monkeys, performing goal-directed actions actiis activated both when the participants were touched vates a network of cortical areas including the premotor, and when they observed someone or something else motor, and posterior parietal areas. Observing or lisgetting touched by objects. The neural mechanisms tening to another individual performing those same acenabling our own sensation of touch may therefore be tions also activates the premotor and parietal cortex a window also to our understanding of touch. sensory cortices of the observer. We designed three
, 2001). capacity to effortlessly understand what another human
Second, in a recent experiment, we have shown that being is feeling. Although we all take our capacity to pera similar mechanism applies to the emotion of disgust. ceive what other people feel for granted, little if anything When we experience disgust, we activate our anterior is known about the neural mechanisms that underlie insular cortex. The same area is also activated when this capacity.
we observe the disgusted facial expression of another In principle, one could hypothesize two ways of underindividual (Wicker et al., 2003) . Neuropsychological standing the fact that another person has been touched. studies show that lesions of the insula cause a deficit According to the first (cognitive account), a visual proin feeling disgust but also in perceiving disgust in the cessing of the stimulus is followed by a cognitive deduc- sensory cortices of the observer. We designed three Figure 1 . Given that our aim was to determine if somatosensory cortex is activated both when the participants were touched and when they observed someone observing touch activates somatosensory brain areas, we defined as somatosensory those voxels activated or something else getting touched by objects. This response did not depend on the perspective from which by the touch of either the right or left leg of the subjects (both p Ͻ 0.001 and k Ն 5, uncorrected). the touched body parts are observed. The primary somatosensory cortex showed no significant activation during the observation of touch, although it showed a
Results of the Visual Stimulation trend in that direction.
We also measured changes of the BOLD signal in two visual sessions where participants viewed video clips of actors having their right or left lower leg being touched Results by an object ("vision-of-touch") or simply approached by the same object without being touched ("visual-conIn a first study, 14 healthy right-handed volunteers were subjected to a blocked design functional magnetic resotrol"). Participants were instructed to look carefully at these video clips. Examples of the stimuli are shown nance imaging (fMRI) study. All subjects underwent two tactile and two visual stimulation sessions. The two tacas Supplemental Movies S1 and S2 (see Supplemental Data at http://www.neuron.org/cgi/content/full/42/2/ tile sessions served to functionally define the locations of the primary (SI) and secondary (SII/PV) (Disbrow et 335/DC1), respectively. Table 1C shows the results of the visual stimulation. al., 2000) somatosensory cortices. The visual sessions were then used to localize areas activated by the vision When comparing the vision-of-touch with the visualcontrol conditions, the cluster showing the largest t of touch and to determine if these areas overlapped with the functionally defined somatosensory cortices.
value had its maximum within our functionally defined left SII/PV. We will refer to this visually activated cluster Eight subjects underwent the tactile before the visual runs and six the visual before the tactile ones.
as the "vision-of-touch area," while SII/PV will always be used to refer to the area functionally defined from the tactile runs. No such activation was found in the Results of the Somatosensory Stimulation functionally defined SI. In addition, we found that the The cortical location of the participant's lower leg repreobservation of the vision-of-touch movies caused larger sentations in SI and SII/PV were defined by brushing activations than the visual-control movies in a cluster the subjects' exposed lower legs back and forth for in the superior parietal lobule and in visual areas of the blocks of 24 s using a washing glove ("tactile" condition).
occipital lobe (including V5). These activations were contrasted with the BOLD signal obtained during a 24 s rest period using a random-effect analysis (p Ͻ 0.001, n ϭ 14 subjects, k Ն 5 voxels).
Overlap between the Visual and Somatosensory Responses Statistical maps reveal that touching the right leg (versus rest) activated mainly a contralateral dorsal aspect of Figure 2A shows the relative spatial locations of SII/ PV (red) and the vision-of-touch area (blue), with their the postcentral gyrus (likely corresponding to SI) and both the contra-and ipsilateral parietal operculum, exoverlap shown in white. Our SII/PV starts in the depth While the group analysis reveals an overlap only in tion we found in SII/PV during the observation of the vision-of-touch compared to visual-control was not simthe left hemisphere, 7/14 participants showed voxels of overlap also in the right hemisphere when analyzed ply due to differences in the movement components of the movies. Second, to address the question of the individually. Figure 2C illustrates an example of such a participant. specificity of the SII/PV activation for human legs, we needed to test whether SII/PV would also be activated To check if SI or the right SII/PV show a trend toward being activated by the vision-of-touch, we lowered the if inanimate objects instead of human legs were being touched in the movies. threshold to p ϭ 0.01 and k ϭ 5 for the visual contrast, while leaving the threshold for the touch right/rest or To address these questions, we monitored the mean BOLD signal in a region of interest (ROI) corresponding touch left/rest contrasts unchanged. At this lenient threshold, we found 26 voxels in the left SI (t max ϭ 3.48, to the cluster of overlap defined in the first study (Figures x ϭ Ϫ18, y ϭ Ϫ50, z ϭ 68) and 85 voxels in the right 2 and 3A) while subjecting eight new participants to four SII/PV (t max ϭ 4.48, x ϭ 68, y ϭ Ϫ14, z ϭ 28) to be new functional runs. Results are shown in Figure 3 , as significant. In the remainder of the manuscript, we will percentage BOLD signal change during the period of thus consider the left SII/PV as being the site of signifistimulation compared to a fixation or rest period. The cant overlap between the vision-of-touch and the solast two functional runs ( Figure 3B , bottom two rows) matosensory conditions. The contralateral SII/PV and replicated the findings of the first study using identical the left SI nevertheless show a trend in the same distimuli in an independent population: the ROI was signifrection.
icantly activated by both the touch of the participants In order to confirm these findings using a different own legs and the observation of another individual's leg approach, for each subject we defined the right and left being touched. The remaining runs were designed to SI and SII/PV based on the results of the tactile runs. address the two abovementioned questions. The mean activity of these regions of interest (ROI) was then analyzed during the visual runs. We found that in
The Presence of Touch Is Necessary for the both hemispheres, the SII/PV ROIs showed significantly Activation of the Region of Overlap: Run 1 larger activity during the vision-of-touch compared to
The vision-of-touch and visual-control movies used in the visual-control conditions. The same was not true the first study (Supplemental Movies S1 and S2 at http:// for the SI ROI. Since these results simply support the www.neuron.org/cgi/content/full/42/2/335/DC1) diffindings of the random-effect group analyses, we do not present the analysis further in this article. fered in two ways: the presence and absence of touch and the location in which the rod was moving (central for the vision-of-touch and peripheral for the visualcontrol). To exclude the possibility that the centerperiphery difference in movement location was important, we modified these movies by replacing, frame by frame, the legs by islands and the rods by airplane wings (see Figure 3B , top row, and Supplemental Movies S3 and S4). This manipulation preserved the movement components of the original movies (eccentricity and velocity) but removed the "touch" component. Indeed, at debriefing, none of the subjects reported perceiving touch in those "wing-island" movies. The activation during the vision of these central and peripheral airplane wing movements did not differ from each other, nor did they differ from the activity during the fixation period. Our ROI therefore appeared only to be activated when subjects perceived touch-be it felt on their own body or seen to occur to someone else.
The Observation of Objects Being Touched
Activates the Region of Overlap: Run 2 and also found a rough somatotopical organization of SII/PV, although one subject actually showed a reversed Discussion somatotopy, with the hand being medial and the foot lateral. This latter study only found a single SII represenIn the first experiment, we mapped the primary and tation, probably because they only stimulated distal secondary somatosensory representations of the lower body parts. As we also stimulate a distal body part, we legs of our participants. The primary somatosensory will use the term SII in our Discussion to describe our representation was localized in the contralateral dorsal opercular somatosensory representation, although we aspect of the postcentral gyrus. The secondary somatoare aware of the fact that our activation probably insensory representation was found in both the ipsi-and cludes both SII and PV. Inspection of the data shown the contralateral frontoparietal operculum, extending by those two experiments suggests, however, that a laterally onto the convexity of the inferior parietal lobule.
conventional random effect group analysis might not Most importantly, we found that the secondary somatohave evidenced a somatotopical organization of SII sensory cortex was significantly more activated during because of the differences between subjects. Indeed, the observation of movies of other people being touched Burton et al. (1993) using group analyses did not observe compared to the observation of the same people not a somatotopical organization of SII. As a result, in the being touched. Indeed, activation of the secondary sopresent paper we did not attempt to determine the somatosensory cortex differentiated the two types of movmatotopy of the experience and observation of touch, ies more consistently than any other brain area. In a but concentrated on establishing the presence of an second experiment, we showed that this region of overoverlap between the observation and the experience of lap did not respond to the sight of objects (airplane touch per se. It will remain for future investigations to wings) moving without causing the percept of touch.
establish if there are differences between the localizaOn the other hand, observing objects being touched tions of the activations during the observation of differactivated the region of overlap in a way that was similar ent body parts being touched. to the activation during the observation of legs being touched. In a third experiment, we finally show that this effect does not depend on the perspective from which The same area is not activated by the sight of similar zation of the human parietal operculum using quantitamovements not leading to touch, as was the case for tive cytoarchitectonic parameters. He determined four the airplane wings. In our hands, the main difference subareas, labeled OP1-4: two medial areas (a caudal between the stimuli not activating SII and those suc-OP2 and a rostral OP3) and two lateral areas extending cessful at activating it was the absence or presence of onto the convexity of the parietal lobe (a caudal OP1 touch, respectively. The complexity of all the stimuli and a rostral OP4). Our region of overlap appears to fall was similar. In particular, the movement components within OP1. We will discuss the functional relevance of between the central airplane wings and the vision-ofthis parcellation below. touch stimuli were deliberately matched, yet the SII response clearly differed. The anatomical and functional investigations discussed above indicate that SII rePolymodal Integration in the Secondary Somatosensory Cortex ceives visual input. The peculiarity of our present finding is the fact that SII was not activated by stimuli that The function of SII is still poorly understood. In the past, SII was considered to be a higher-order, but purely sopredict touch soon to occur to the participants (as in
Carlsson et al., 2000), nor by stimuli such as random matosensory, area (Robinson and Burton, 1980). It was thought to play an important role in the learning of tactile dots moving close to the subject that might often be accompanied by drafts of air (Bremmer et al., 2001). discriminations and the recognition of shape from tactile information (Garcha and Ettlinger, 1980; Servos et al.,
Instead, the zone of overlap we observed was activated by touch occurring to another individual or to an object. 2001). Indeed, the most prominent symptom after lesions of SII in humans is tactile agnosia (e.g., Caselli, Evidence for the fact that observing touch can activate the secondary somatosensory cortex also comes from 1993), an incapacity to recognize objects by touch. might therefore reflect functional differences: the medial SII might be purely somatosensory while the more lateral very similar to our zone of overlap (his x ϭ Ϫ64, y ϭ Ϫ18, z ϭ 30). The functional significance of this integration SII appears to be multimodal. How such functional differences can be reconciled with the more traditional idea is evident in our everyday experience: whenever a bus passes in front of us, we feel the draft of air it causes, of a single somatotopical representation in SII remains a topic for future investigations. hear its sound passing from left to right, and see it moving in a tangential plane. The joint responses of this How might the observation of touch be associated with the activation of SII? This matching of seen and cluster to the tactile, visual, and auditory modality may thus reflect the fact that these three types of information experienced touch might be inborn. Alternatively, it might result from Hebbian learning. When we observe ourselves often occur simultaneously in the natural world, when something is moving in our immediate vicinity. being touched, the activation of somatosensory neurons will overlap in time with the activation of visual neurons Evidence for nontactile input to SII comes also from studies of the expectation of touch. Carlsson et al. (2000) that represent the visual stimulus of the touching event.
Hebbian learning rules predict that this correlation in instructed their participants to look at a screen. A green square meant that nothing was going to happen, time should lead to a strengthening of the synapses between these neurons. After repeated experience, the whereas a red square meant that they were soon going to be tickled on their right foot. They observed an activasight of a touch might be enough to trigger activity in the secondary somatosensory neurons-a mechanism tion of SII in response to the red square even in the absence of the tickling stimulus, demonstrating that SII similar to the one we have described for mirror neurons The current finding suggests that the lateral aspects cept of touch. Indeed, the statistically strongest differof SII might provide yet another shared circuitry between ence between the observation of touch and the observaexperience and observation, between first and third pertion of nontouch was found to be in SII. While one might son experience. But this shared circuitry is not limited argue that stimuli containing touch are more salient and to the social world. Indeed, in everyday language, we attract more attention than otherwise similar stimuli, it can say, "The tree's branch is touching the window." is hard to explain why SII should be selectively affected
We instinctively employ the same word as we would by this attentional bias.
use to say, "She touched my leg" or "She touched his Our participants were not explicitly instructed to imagleg." We demonstrate that the sight of objects touching ine what the object or individual in the movies was feeleach other evokes activation in the same brain area ing. Indeed, at debriefing, we asked our participants if responding when we are touched and when we see they voluntarily imagined the sensations that the actors someone else being touched. This finding might suggest or objects may have felt while being touched. All particithat the experience of any kind of touch might be associpants reported that they did not. Nevertheless, our SII ated in the brain with the activation of a part of the neural activation was systematic enough to reach a very high networks involved in our own subjective experience of significance level (peak t Ͼ 13) in a random effect analytouch. What remains to be investigated is how similar the sis. Given that random effect analyses are explicitly deresult of the activation of SII is to our actual experience of signed to exclude effects that are not systematic over touch. Whether the automatic SII activation we observe the sample, it is therefore unreasonable to interpret the reflects an abstract activation of the idea of touch or present activations as reflecting occasional voluntary something closer to the somatosensory sensation of mental imagery. Therefore, it appears more reasonable touch remains to be determined. An interesting finding, to submit that our activation reflects a systematic tenthough, is that electrostimulations in SII elicit sensations dency of our brain to transform the visual stimulus of of "tingling" (Penfield and Jasper, 1954, p. 82), "shiver," touch into an activation of brain areas involved in the or "pricking" (p. 79). Two of our subjects reported that processing of our own experience of touch. This "autothey could almost feel a sensation of touch while looking matic" activation is similar to the one observed in premoat the movies, but all subjects clearly knew that they tor and posterior parietal cortex during the observation were not actually being The first study was analyzed using standard SPM99 (http://www.fil. fixation condition in which subject had to fixate a red cross for the entire 24 s. The two additional conditions depended on the run. ion.ucl.ac.uk) procedures. Briefly, every subject's functions volumes were adjusted for differences in slice timing, spatially realigned to Run 1: Airplane Wings Here the two additional conditions depicted airplane wings moving the first volume of this subject, and then transformed to match the MNI EPI template using a 2 ϫ 2 ϫ 2 mm voxel resolution. The images up and down over an island. The aim of the stimuli was to be similar to the movies of the first study in terms of movement, but without were then smoothed using a 6 ϫ 6 ϫ 6 mm filter and analyzed using rest, touch-left, and touch-right as effects of interest for the tactile giving the impression of touch. The movies were obtained by substituting the rods of the original movies by airplane wings and the legs runs, and vision-of-touch and visual-control for the visual runs using boxcar functions convolved with the hemodynamic response funcby an island. To that end, we analyzed the trajectory of the rod and the position of the legs in the original movies. We then reconstructed tion after 120 s high-pass filtering. A standard random effect analysis was then performed. The touch-right minus rest, touch-left minus a similar trajectory for the island and the airplane wing using a commercial photo-editing program. These frames were then transrest, and vision-of-touch minus visual-control t contrast images were created for each subject. Using all 14 subjects, a voxel-byformed into a movie. In analogy to the two types of legs and three types of rods used in the first study, three airplane wings and two voxel t map was computed for each of these three contrasts using the student t distribution with df ϭ 13 to determine voxels with different islands were used. The results were movies of airplane wings moving up and down in the periphery of the screen ("periphcontrasts significantly differing from zero. Clusters of less than 5 voxels were ignored. To look for overlaps between tactile and visueral wings," corresponding to the visual-control movies of the first study) or moving near the center of the screen ("central wings"). As ally activated brain areas, a voxel was considered to be part of the overlap if it was both somatosensory and visual. In this analysis a in the first study, in four blocks the wings moved in the right half of the screen, and in four blocks in the left half of the screen, arranged voxel was called "somatosensory" if it was considered significantly activated in the touch-right minus rest or in the touch-left minus in pseudorandom order. Run 2: Objects rest contrast, and "visual" if it was significantly activated in the vision-of-touch minus visual-control condition. Unfortunately, there Here the two additional conditions depicted objects being touched. These movies had been filmed at the same time as the movies of is at present no established statistical method to estimate the likelihood of finding such voxels of overlap based on random effect the first study, using the same setting, but replacing the female legs with rolls of paper towels and the male legs with piles of office analysis. binders. The same three objects were used to touch these legsubstituting objects. The two additional conditions of this run are Conjunction Analysis therefore labeled vision-of-object-touch and visual-object-control.
We used the same modified conjunction analysis developed in Again, in half the blocks, the rods moved in the right side of the Wicker et al. (2003) . Using SPM99, we calculated two t maps, one screen, and in half from the left side.
for the visual conditions and one for the somatosensory conditions, Run 3: Human Legs and we performed a conjunction analysis between those two t maps. Here the movies of the first study were used. The additional condiThe visual t map was obtained using standard random effect analytions were therefore vision-of-touch and visual-control. sis: for each voxel, the mean vision-of-touch Ϫ visual-control conRun 4: Tactile trast value across subjects was compared against 0. The somatoDue to the strong tactile signal obtained in the first study, we resensory t map needed to reflect areas activated by touch to the duced the length of the tactile stimulation blocks to 12 s. Again, an right or left leg. We therefore calculated one random-effect t map experimenter entered the scanner room and used a washing glove for the touch-right Ϫ rest and one for the touch-left Ϫ rest contrast, to brush up and down along the anterior lower leg of the subject. and then calculated voxel-by-voxel the maximum of the two t values The three conditions were 12 s of brushing up and down on the to operate a logical "or." We then calculated the conjunction analysis subject's left leg ("touch left"), 12 s of up and down on the right leg between the visual and somatosensory contrast at 0.001 and k ϭ ("touch right"), and 12 s without any event ("rest"). There was a 3 s 5 (uncorrected) at the third level. As described in Wicker et al. 2003 , pause between blocks, and blocks were arranged in pseudorandom we then masked this conjunction map with both the visual and order. 12 repetitions of each condition were acquired in a single run somatosensory contrast, each at 0.001 and k ϭ 5 to ensure that lasting 683 s.
only voxels common to both maps are accepted in the analysis. Runs 3 and 4 were therefore replications of the first study. All subjects were tested using the same order of runs to avoid the fact Single-Subject Analysis of the First Study that runs 3 and 4, which involve the touching of a leg, could bias
The random effect group analysis revealed a cluster of overlap with the interpretation of the stimuli used in runs 1 and 2.
peak t value at Ϫ62, Ϫ26, 24 in the left hemisphere. To test if single subjects showed voxels of overlap also in their right hemisphere, Stimuli and Conditions for the Third Study we analyzed each subject of the first study separately. We used the Seven new subjects were tested in two tactile and two visual runs. same thresholds and criteria used for the group analysis but applied Tactile runs were identical to those of experiment 1. In the visual it to each single-subject analysis using the standard SPM t test, runs, the subject was instructed to look at a projection screen seen with p Ͻ 0.001 and k ϭ 5. A subject was considered to show overlap through a mirror. Visual runs consisted of four types of visual stimuin the right hemisphere if he/she had voxels common to the visionlation blocks separated by 3 s rest periods of blank screen. Each of-touch minus visual-control t contrast and the touch-right minus visual block lasted 24 s and was built as a succession of 6 films of rest or touch-left minus rest t contrast within 10 mm of the MNI 3 s, separated by 1 s of black screen. Within each block, the films coordinates 62, Ϫ26, 24. These coordinates were chosen as the showed a male (in half of the cases) and a female (in half of the right hemisphere counterpart of the region of overlap in the left cases) wearing short trousers lying on a medical examination bed.
hemisphere (i.e., by changing the fore sign of the x coordinate of Two of the visual conditions were identical to those of the first study, the peak t value of the overlap in the left hemisphere). This spatial showing the actor being touched (objective vision-of-touch) or only restriction was imposed to reduce the probability of including approached (objective visual-control) by the different objects. In the chance occurrences of overlap. two remaining conditions (subjective vision-of-touch and subjective visual-control), the same events were shown from a "subjective" Data Analysis for the Second Study perspective, with the camera placed close to the head of the actor The second study was not aimed at a whole brain approach; instead, being touched. When seen through the mirror inside the scanner, it was designed to determine parameters important for the activation this subjective view created a perspective that was similar to the of the region of overlap defined in the first study. Accordingly, the participant seeing his/her own legs being touched. As in the first preprocessing of the functional images was identical to that of the study, each condition was repeated four times within each run, with first study, but the statistical analysis was different. Every subject's half of the repetitions showing objects approaching or touching the functional volumes were adjusted for differences in slice timing and left leg of the actor and half the right leg. The right and left variants of each condition were analyzed together. then transformed to match the MNI EPI template using a 2 ϫ 2 ϫ
